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ABSTRACT This article presents an exploratory multivariate statistical approach to gaining a more comprehensive under-
standing of variation in subaerial bone weathering in a British context. Weathering is among the most common
taphonomic modiﬁcations and provides a crucial line of evidence for reconstructing the taphonomic trajecto-
ries of faunal assemblages and archaeological deposits. It provides clear evidence for prolonged subaerial
exposure either before deposition in a context or because of later disturbance. In combination with other
taphonomic indices such as gnawing, trampling, abrasion and fracture patterns, weathering can be used
to reconstruct depositional histories and to investigate the structured treatment of different body parts or taxa
in deposition. However, a broad range of factors affect the prevalence and severity of weathering, and there-
fore patterns can rarely be interpreted at face value. Many variables such as predepositional microenviron-
ment cannot be traced archaeologically. Other contributory factors pertaining to the structural properties of
elements and taxa can be discerned and must be taken into account in interpreting weathering signatures.
However, disagreement exists regarding which variables are most important in mediating weathering. In
addition for zooarchaeologists to interpret modiﬁcation patterns, it is necessary for elements and taxa that
are most likely to be affected by weathering to be deﬁned. This is the case as deposits that are dominated
by those classes of remains are likely to exhibit greater modiﬁcation than those that are not, even if deposi-
tional histories were similar. Through a combination of classiﬁcation tree and ordinal regression analysis, this
article identiﬁes which archaeologically recoverable variables explain the greatest variance in weathering
and which anatomical elements and taxa are most likely to be affected in archaeological deposits in the
UK. Copyright © 2011 John Wiley & Sons, Ltd.
Key words: depositional histories; formation processes; modiﬁcation; multivariate statistics; taphonomy;
weathering; zooarchaeology
Introduction
Taphonomic modiﬁcations provide a wealth of infor-
mation on the depositional histories of faunal assem-
blages and archaeological deposits. Bones represent
the optimal archaeological resource for reconstructing
the taphonomic trajectories of deposits. They are re-
sistant enough to decay to survive in abundance in
the archaeological record (depending on the deposi-
tional environment) but are also soft and malleable to
the degree that they can be altered by a range of pro-
cesses, thereby taking an imprint of their taphonomic
history. The holistic analysis of taphonomic modiﬁca-
tion can inform the on-site formation processes, the in-
tegrity of a deposit and the predepositional treatment
of different taxa or body parts (e.g. Serjeantson,
1991, 1996; Bar-Oz & Munro, 2004; Enloe, 2004;
Todisco & Monchot, 2008; Madgwick, 2008, 2010;
Russell, 2010).
Despite a thorough consideration of taphonomy being
widely recognised as crucial to interpretation, outside
Palaeolithic zooarchaeology, it remains relatively rare that
comprehensive taphonomic recording is undertaken.
Consequently, the potential of zooarchaeological data is
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infrequently maximised. The extra time and associated
cost of collecting and analysing data may at times hamper
attempts. However, the greatest stumbling block is likely
to be the myriad factors hindering taphonomic analysis
and subsequent interpretation. This problem centres on
the diverse range of variables and biases affecting the rate
and effect of different taphonomic processes, and the rela-
tive paucity of research on the subject means that a
conﬁdent and meaningful interpretation of data is difﬁ-
cult. It is crucial to gain a more thorough understanding
of the variables which mediate modiﬁcation for valid
interpretation to be made.
This article focuses on weathering and presents
results from a multivariate statistical study on a large
data set from eleven British sites. Analysis aims to de-
termine which archaeologically or zooarchaeologically
recoverable variables explain the greatest variance in
weathering and which taxa and anatomical elements
are most likely to be affected by the modiﬁcation in
faunal assemblages. Findings facilitate a more valid in-
terpretation of weathering patterns.
Weathering
This article is concerned with subaerial weathering,
which causes the distinct modiﬁcation patterns from
the subterranean erosion and the destruction of bone
caused by chemical weathering. Subaerial weathering
represents a crucial source of taphonomic information
in providing evidence for prolonged subaerial expos-
ure. It is deﬁned as the process where the original
microscopic organic and inorganic components of the
bone are separated and destroyed by physical and
chemical agents (Behrensmeyer, 1978, p. 153). Weath-
ering is progressively characterised by surface cracking,
ﬂaking, exfoliation and splitting and disintegration of
the bone (Steele & Carson, 1989; Fisher, 1995: 31).
During research at the Amboseli Basin in Kenya,
Behrensmeyer (1978) developed a recording strategy
for weathering in medium or large mammals (Table 2,
Figures 2–4). However, although weathering is a pro-
gressive linear process, reconstructing its temporal
meaning is complex (Potts, 1984). Stages do not cover
regular times, and experiments have shown that stages
0–2 can pass within 2 years but stages 2 or 3 can remain
on exposed bone for several years (Gifford, 1977). The
complete loss of shape and skeletal integrity through
weathering can occur as rapidly as 6 years or after as
long as 30 (Ross & Cunningham, 2011: 36). This wide
variation results from the broad range of factors that
affect the weathering rate.
Environmental conditions are critical in determining
the weathering rate. Sunlight, freeze–thaw cycles,
vegetation, temperature or moisture ﬂuctuation and mi-
crobial activity all affect weathering (Riclefs, 1973;
Behrensmeyer, 1978; Millard & Hedges, 1995: 244;
Pinto Llona & Andrews, 1999; Conard et al., 2008;
Fernández-Jalvo & Marín Monfort, 2008: 170). Weath-
ering is far slower in tropical rainforest conditions com-
pared with open environments (Tappen, 1994). Bone
degrades faster in open habitats because of wide ﬂuc-
tuations in temperature and moisture (Riclefs, 1973),
whereas stable environments decelerate the process
(Behrensmeyer, 1978: 159; Hedges, 2002: 325). Open
environments are also more conducive to weathering
because of limited shelter (Ross & Cunningham,
2011). Behrensmeyer (1978: 155) highlighted that
microenvironmental conditions are more important in
dictating the weathering rate than the overall character
of a habitat. Therefore, patches of vegetation and mul-
tiple specimens deposited together can have a consid-
erable effect on weathering (see Saunders, 1977).
Weathering can occur in subterranean as well as sub-
aerial contexts (Frison & Todd, 1986; Purdy & Clark,
1987; Lyman, 1994). There is some disagreement as
to the degree to which subsurface modiﬁcation occurs,
although most analysts agree that it is negligible.
Experiments have demonstrated that bones rapidly
deposited in subterranean contexts rarely exhibit evi-
dence of weathering (e.g. Behrensmeyer, 1978: 154;
Boaz, 1982; Maat, 1993: 84), and Ross and Cunning-
ham (2011: 126) stated that subterranean disposal ef-
fectively shuts out most weathering agents.
The structural properties of the different classes of
skeletal material also have a substantial effect on the
prevalence and severity of weathering. The effect of
bone density on general degradation is very well
attested (Henderson, 1987; Lyman & Fox, 1989; Kreut-
zer, 1992; Lyman et al., 1992; Lyman, 1993; Butler &
Chatters, 1994; Elkin, 1995; Willey et al., 1997; Lam
et al., 1998, 1999, 2003; Pavao & Stahl, 1999;
Behrensmmeyer et al., 2000; Dirrigl, 2001; Kooyman,
2001; Collins, et al., 2002: 386; Ioannidou, 2003: 355;
Lam & Pearson, 2005; Symmons, 2005a, 2005b, and
others). As the transport of water through the bone
interface has been cited as a crucial factor in causing
weathering, density would be expected to have a sub-
stantial effect, as less dense bone is more porous and
therefore susceptible to water transfer (Murphy et al.,
1981; Hedges & Millard, 1995: 207; Trueman et al.,
2004; Smith et al., 2008). However, very little work
has explicitly demonstrated the effect of the variable,
and although density varies greatly at an intraelement
level, the recorded patterns of weathering prevalence
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do not adhere closely to element density ranking (Lam
et al., 1999; Ioannidou, 2003: 356). This suggests that
weathering may not be affected by density in the same
way as subsurface degradation. In any case, density is a
highly problematic source of information because it
varies according to a wide range of factors including
taxa, element or element zone, sex, age, breed, lacta-
tion and diet and disease (Currey and Butler, 1975;
Binford & Bertram, 1977; Currey, 1979; Galloway
et al., 1997; Willey et al., 1997; Chanesta et al., 2000;
Munson, 2000; Symmons, 2002; Munson & Garnie-
wicz, 2003; Carlson & Pickering, 2004; Lam & Pearson,
2005). In addition, considerable disagreement exists,
concerning the most valid method to calculate bone dens-
ity (Lam & Pearson, 2004; Outram, 2004: 172; Stiner,
2004). Therefore, its pQ2 otential for understanding vari-
ation in weathering is limited.
Element morphology also dictates decay rates
(Henderson, 1987: 44). Tubular elements such as long
bones are more susceptible to weathering with com-
pact elements (e.g. carpals) less severely affected
(Behrensmeyer, 1978: 152; von Endt and Ortner,
1984; Lambert et al., 1985; Potts, 1986; Gifford-
Gonzales, 1989: 191; Nicholson, 1996: 527; Conard
et al., 2008: 240). Elements with long, ﬂat sections of
cortex such as the mandible, pelvis and scapula have
also been described as susceptible (Potts, 1986). Al-
though clear patterns have been noted in the weather-
ing of different elements, research has rarely identiﬁed
taxon differences.
Previous research on weathering has tended to fol-
low two pathways, either experimental research, ob-
serving signatures on modern bone, or scientiﬁc
studies, aiming to explain the way that structural prop-
erties affect modiﬁcation. Most research has been con-
ducted on modern material and therefore may not be
directly applicable to archaeological assemblages. In
addition, research has at times provided conﬂicting or
ambiguous results, and consequently it remains unclear
which variables are most important in mediating
weathering and which classes of remains are most likely
to be modiﬁed.
Survival biases inevitably have a substantial effect on
weathering prevalence. This is the case, as weathering
is a degrading process that occurs during subaerial ex-
posure when remains are also vulnerable to other
taphonomic agents. Therefore, if identiﬁable remains
exhibit weathering evidence, they must be robust
enough to survive the effects of sustained subaerial ex-
posure. This phenomenon may be termed the taphonomic
paradox, whereby it is the robust fragments that survive
degrading processes that in fact exhibit the greatest
evidence of modiﬁcation. This pattern is comparable
with the osteological paradox that is commonly cited
in human osteoarchaeology (see Wood et al., 1992).
This states that skeletons that exhibit the greatest path-
ology are in fact from healthier or stronger individuals
because they were able to survive long enough for the
disease to manifest itself skeletally. However, this is not
to say that weathering patterns result solely from sur-
vival bias because remains cannot be so resistant to
modiﬁcation that observable weathering evidence in-
frequently occurs. Weathering signatures in the arch-
aeological record (rather than those in controlled
experiments) must therefore result from interplay be-
tween susceptibility to modiﬁcation and resistance to
destruction. This research aims to characterise how this
interplay manifests itself in weathering prevalence in
British zooarchaeological assemblages.
Identifying which taxa and elements are most likely
to be weathered provides a baseline from which to in-
terpret modiﬁcation patterns. This is the case as assem-
blages that are dominated by the classes of remains that
invariably exhibit more weathering are highly likely to
be heavily modiﬁed, and therefore signatures must be
interpreted in light of this. It is crucial that this study
deals with archaeological material because modiﬁcation
patterns in the archaeological record, which require in-
terpretation and actualistic studies, although very use-
ful in determining susceptibility, frequently omit a
consideration of survival bias.
Materials and methods
Data collection
The analysed data set comprised 18,113 identiﬁable
specimens derived from 10 sites from the UK (Figure F11,
Table T11). The weathering rate is relatively slow in tem-
perate climates and therefore analysis-targeted sites
with surface accumulating deposits because these are
likely to be more weathered and therefore provide a vi-
able data set for investigating variation. The data set
comprised a substantial quantity of material from later
prehistoric middens because this research forms part
of a wider study on taphonomy, in which middens
were a case study. However, although more detailed
analysis revealed some evidence for structured practice
at certain sites (Madgwick, 2011), this was not nearly
substantial enough to affect the overall data set. In
any case, this was negated by the inclusion of a broad
range of other assemblages from later prehistoric sites
in the UK. The chronological, geographical, compos-
itional and contextual diversity of the sample means
that any culturally constituted modes of treatment at
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an intrasite level would be absorbed. Therefore, the
ﬁndings characterise variation in weathering in a British
setting.
Weathering was recorded using Behrensmeyer's
(1978) staged method (TableT2 2, FiguresF2 2F3 F4 –4). This
was considered a valid technique for recording modiﬁ-
cation on British material, and although experimentally
determined in Africa, research has demonstrated that
weathering is a progressive and irreversible process that
follows a linear pathway regardless of environmental
conditions (Tappen & Peske, 1970; Behrensmeyer,
1978; Andrews, 1995: 149).
Analysis-targeted variables pertaining to class of ma-
terial and archaeological context that may affect
weathering. These comprise taxon, element, fusion
stage, site and deposit type. Site is unlikely to provide
indications of inherent effects on weathering pertaining
to sedimentary matrices, hydrology or duration of bur-
ial because previous research indicates that the modiﬁ-
cation characteristic of subaerial rather than chemical
Figure 1. Map of the UK showing the locations of the 10 sites incorporated in the data set. This ﬁgure is available in colour online at wileyonlinelibrary.
com/journal/oa.
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weathering rarely occurs in subterranean contexts. In-
stead it provides an index for the effect of site-speciﬁc
depositional practice and disturbance and can be used
to indicate the relative importance of human action
and structural properties of remains in dictating weath-
ering. Deposit type is included to indicate the effects of
the characteristics of different deposits and the degree
to which this mediates weathering signatures. For ex-
ample, surface deposits such as occupation layers might
be expected to exhibit more weathering than material
from deep features such as pits. Sex could not be tested
because the variable could be determined for compara-
tively few specimens. Depth could not be assessed in
the same way because inevitably some contexts were
very thick and incorporated a broad range of depths.
Therefore, a separate pilot study at a single site that
was excavated in arbitrary 10-cm spits was undertaken
but not reported here.
Statistical analysis
All statistical testing was undertaken using SPSS ver-
sion 16 (SPSS Inc., Chicago, IL). The principal aim
of analysis was to investigate the patterns of modiﬁca-
tion pertaining to elements and taxa. Initially simpliﬁed
categories were used on the basis of morphology such
as long bones, cranial elements and carpals, tarsals or
phalanges. Certain taxa were also combined into single
categories, such as wild boar and pig as suid and sheep
and goat as caprine. These are called simpliﬁed categories.
However, to maintain analytical rigour, tests were
repeated using separate categories because bone dens-
ity research indicates that morphology is not necessar-
ily a valid means by which to group categories. These
are called complex categories. Proximal fusion was used
as the skeletal development–related variable because a
greater number of specimens retained evidence of
proximal, rather than distal, fusion.
Classiﬁcation trees
The ﬁrst phase of analysis used classiﬁcation trees to
identify variables, which had the greatest association
with weathering. This procedure creates a tree-based
classiﬁcation model, classifying the different categories
of independent variables (e.g. taxon, element, site, etc.)
that affect a dependent variable (weathering). The pro-
cedure provides a method to rank independent vari-
ables in the order of the degree to which they explain
Table 1. Details of the assemblages included in analysis
Site Phase NISP Q1Site type Whole/sample
Danebury Iron Age 1620 Hillfort Sample
East Chisenbury Late Bronze Age/Early Iron Age 534 Midden Whole
Eldon's Seat Late Bronze Age/Iron Age 1566 Midden Sample
Gussage-all-Saints Iron Age 743 Settlement Sample
La Sagesse Iron Age/Medieval 1102 Stream deposits Whole
Llanmaes Enclosure Iron Age/Romano-British 395 Settlement Whole
Navan Fort Iron Age 1944 Hilltop enclosure Whole
Potterne Late Bronze Age/Early Iron Age 5903 Midden Sample
Runnymede Late Bronze Age/Early Iron Age 1435 Midden Sample
Whitchurch Late Bronze Age/Iron Age 2891 Midden Whole
The right-hand column indicates whether the whole assemblage or only a sample was analysed.
Table 2. Behrensmeyer's (1978) weathering stages for medium
or large mammals (>5 kg)
Stage 0: Bone surface shows no sign of cracking or ﬂaking due
to weathering.
Stage 1: Bone shows cracking, normally parallel to the ﬁbre
structure (e.g. longitudinal in long bones). Articular surfaces
may show mosaic cracking.
Stage 2: Outermost concentric thin layers of bone show ﬂaking,
usually associated with cracks, in that the bone edges along the
cracks tend to separate and ﬂake ﬁrst. Long thin ﬂakes, with one
or more sides still attached to the bone, are common in the initial
part of this stage. Deeper and more extensive ﬂaking follows
until the outermost bone is gone. Crack edges are usually angu-
lar in cross section.
Stage 3: Bone structure is characterized by patches of rough,
homogeneously weathered compact bone resulting in a ﬁbrous
texture. In these patches, all the external, concentric layers of
bone have been removed. Gradually, the patches extend to
cover the entire bone surface. Weathering does not penetrate
deeper than 1.0–1.5mm at this stage, and bone ﬁbres are still
ﬁrmly attached to each other. Crack edges are usually rounded
in cross section.
Stage 4: The bone surface is coarsely ﬁbrous and rough in tex-
ture; large and small splinters occur and may be loose enough
to fall away from the bone if it is moved. Weathering penetrates
into inner cavities. Cracks are open and have splintered or
rounded edges.
Stage 5: Bone is falling apart, with large splinters. Bone is easily
broken by moving. Original bone shape may be difﬁcult to deter-
mine. Cancellous bone is usually exposed when present and
may outlast all traces of the former more compact, outer parts
of bone.
Stages 1 to 3 are presented in Figures 2–4.
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variance in weathering. Classiﬁcation trees always have
a single ﬁrst level ‘parent’ variable that explains the
greatest variance in the dependent. Independent vari-
able categories that show similar relationships to the
dependent variable are grouped into nodes. A very sim-
ple example tree testing an unidentiﬁable long bone
fragment assemblage is presented in FigureF5 5. In this
tree, site occupies the ﬁrst level, with taxon category
accounting for the second level branch and deposit
type for the third level branches. This therefore
demonstrates that site is most important in mediating
modiﬁcation, followed by taxon category and deposit
type. In the example tree, only one level 2 and two
level 3 branches are present. However, invariably
many branches will be present, and the independent
variable that occupies the greatest number of level 2
branches is deﬁned as having the next greatest effect
after the level 1 parent branch. If two independent
variables occupy the same number of level 2
branches, then the one that accounts for the most
level 3 branches is deﬁned as most important. Vari-
ables that do not appear in the tree have little or no
effect on the dependent variable, and those that oc-
cupy only level 3 branches have a limited effect. A
more comprehensive description of the approach is
provided by Kinnear and Gray (2009). The CHAID
growing method was used in analysis, and therefore
trees had a maximum of three levels. To ensure that
patterns identiﬁed in the tree pertained to substantial
components of the data set, a minimum number of
cases was set at 400 for parent nodes and 200 for child
nodes.
Regression models
The second phase of analysis used ordinal regression to
deduce which variable categories (e.g. radius, cattle,
midden layer, etc.) are most likely to exhibit weather-
ing evidence. All categories of all variables were ana-
lysed together as independent factors. Regression
modelling provides a robust tool for assessing the effect
of variable categories because the associated effects of
all other categories are controlled in analysis. This is
crucial as each specimen contributes to the patterns
of several variables because it has a known taxon, elem-
ent, deposit type and site. Regression models identify
categories that have a signiﬁcant effect (sig. <0.05)
on modiﬁcation prevalence when modelling the data
set. As low weathering scores were most common,
the negative log–log link method was used.
Conducting tests on a large and varied data set is
critical for valid interpretation and reduces the likeli-
hood of ﬁndings resulting from sampling bias. How-
ever, this also creates problems in interpretation.
Incorporating in excess of 18,000 cases into analysis
provides a highly statistically powerful data set, and
consequently little variation from the expected patterns
of modiﬁcation is required for signiﬁcant results in be
obtained. Therefore, modelling the entire data set is
certain to provide more signiﬁcant results than are
meaningful. Consequently, a modiﬁed bootstrapping
approach was used (Efron, 1982), whereby each regres-
sion model was retested using reducing random sam-
ples until the model breaks down. Tests were
conducted on the entire data set and on random sam-
ples of 10,000, 5000, 2500, 1250, 625, 312 and 156
cases. Producing such a range of regressions is neces-
sary to provide nuanced interpretation when testing a
substantial data set. Signiﬁcant results for variable
Figure 3. Example of early stage 2 weathering on an aurochs femur.
Note that the split line cracks have begun to unite to become ﬂakes. This
ﬁgure is available in colour online at wileyonlinelibrary.com/journal/oa.
Figure 2. Example of stage 1 weathering on a cattle mandible. Note
the split line cracks that follow the shape of the element (and the
direction of collagen ﬁbres). This ﬁgure is available in colour online
at wileyonlinelibrary.com/journal/oa.
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categories were totalled, providing a system by which
to rank categories in terms of the degree to which they
affect weathering in models. Results with negative
coefﬁcients indicated that the category reduced modi-
ﬁcation in the model, whereas positive coefﬁcients
demonstrated that it increased weathering.
Figure 5. Example of a very simple classiﬁcation tree taken from SPSS output. This ﬁgure is available in colour online at wileyonlinelibrary.com/
journal/oa.
Figure 4. Example of stage 3 weathering on a cattle frontal. Note homogeneous, coarse texture on magniﬁed inset. This ﬁgure is available in colour
online at wileyonlinelibrary.com/journal/oa.
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Results
Classiﬁcation trees
Analysis provided unequivocal evidence of variables,
which explain the greatest variance in weathering.
Branch representation for the different variables is sum-
marised in FigureF6 6. Using simpliﬁed and complex cat-
egories provided very similar results. Element occupied
the level 1 branch in both trees and therefore was iden-
tiﬁed as the pivotal variable in mediating the weather-
ing of those included in analysis. Site is clearly the
next most important factor because it dominated level
2 branches, accounting for 7 of a total of 10. The other
three were occupied by taxon, which explained the
next greatest variance in modiﬁcation. Variables which
occupy level 3 branches alone only have a signiﬁcant
effect in very speciﬁc circumstances. Therefore, fusion,
which accounted for a single level 3 branch, had a far
lesser effect, and because deposit type was absent from
both trees, the effect of this variable on weathering
must be negligible.
Regression models
Two regression series were produced, one using simpli-
ﬁed variable categories and the other complex categor-
ies. Each comprised eight models that were computed
for sequentially reducing random samples. Patterns
are in broad accordance with classiﬁcation tree results,
with element and site categories producing the most
signiﬁcant results in both series. All categories that pro-
duced at least two signiﬁcant results in the simpliﬁed
category regression series are presented in FigureF7 7.
Runnymede, Danebury and neonatal or juvenile had
the greatest effect, each with ﬁve negative signiﬁcant
results. Therefore, all reduced weathering in the model.
Few positive results were produced, with mandible and
horse having the greatest inﬂuence with three signiﬁ-
cant results each. This demonstrates that these classes
of remains tend to be most frequently weathered. The
categories of unfused subadult, small elements and East
Chisenbury produced three negative signiﬁcant results
in the series. Therefore, these categories had reduced
levels of weathering. Patterns were similar when in-
corporating all categories (Figure F88). The site of
Runnymede had the greatest effect, producing ﬁve
signiﬁcant results reducing weathering. Danebury
accounted for four negative signiﬁcant results, with
horse, wild boar and mandible accounting for four posi-
tive. Categories that increased weathering in the model
were more common than those in the simpliﬁed series.
The ﬁve different long bone elements and the category
of premaxilla produced three positive results.
Discussion
Classiﬁcation tree analysis provided clear evidence that
anatomical element explained the greatest variance in
weathering in models. Site was the next most import-
ant in mediating modiﬁcation followed by taxon. Fu-
sion was also present in one tree but had only a
negligible effect. As it is inconceivable that similar pre-
scribed modes of treatment transcend the different sites
in the data set, results indicate that the varying struc-
tural properties of elements and to a lesser extent taxa
have a substantial effect on the prevalence and severity
of weathering. This provides ﬁrm evidence that certain
elements and taxa must be inherently more or less
likely to be affected by weathering in archaeological
assemblages. Therefore, weathering evidence cannot
be interpreted at face value and does not simply reﬂect
exposure duration.
The effect of site demonstrates the effect of variation
in depositional practice and taphonomic trajectories.
Because of the relatively broad range of analysed sites
in terms of chronology, location and type, it was
expected that site would explain the greatest variance
in modiﬁcation. As previous research clearly demon-
strates that climate and environment are pivotal in con-
trolling weathering, site would undoubtedly have had
the greatest inﬂuence if this study included assem-
blages from more diverse settings. However, if climate
and environment are similar, results suggest that ana-
tomical element can be the most important factor in
dictating the prevalence and severity of weathering.
This is clearly the case within the data set, and because
a sample of 10 sites would be expected to show
Figure 6. Summaries of branch representation in the two classiﬁcation
trees assessing which factors explain the greatest variance in weather-
ing. Level 1 branches will always outrank level 2 branches, which in
turn always outrank level 3 branches, regardless of the quantity of
lower ranked branches. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/oa.
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considerable variation in depositional histories, the
dominant effect of element must not be understated.
Findings from classiﬁcation trees demonstrate the im-
portance of the regression analysis for establishing
which classes of remains are inherently more or less
likely to be modiﬁed. It is only with this information
that taphonomic signatures can be validly assessed be-
cause assemblage composition has a signiﬁcant bearing
on modiﬁcation.
Despite classiﬁcation tree results, no element cat-
egories dominated in either series of regression models.
However, Figures 7 and 8 demonstrate that element
produced many signiﬁcant results, but they were
divided between several categories. Overall sites pro-
duced fewer signiﬁcant results than elements, but indi-
vidual site categories had the greatest effect in models.
Signiﬁcant results pertaining to sites provide evidence
for the effect of varied depositional practice and tapho-
nomic trajectories (e.g. later disturbance). If results
from the two model series are combined, Runnymede
produced 10 negative results, more than any other cat-
egory. Therefore, this site had a dominant effect in
Figure 7. Graph showing the number of signiﬁcant results produced for each variable category in regression models using simpliﬁed taxon and element
categories. Categories that produced fewer than two signiﬁcant results are not presented. This ﬁgure is available in colour online at wileyonlinelibrary.
com/journal/oa.
Figure 8. Graph showing the number of signiﬁcant results produced for each variable category in regression models assessing taxon and element cat-
egories. Categories that produced fewer than two signiﬁcant results are not presented. This ﬁgure is available in colour online at wileyonlinelibrary.
com/journal/oa.
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reducing modiﬁcation. The effect of Danebury was al-
most as strong, and East Chisenbury also made a note-
worthy contribution, both reducing weathering. It was
expected that certain site categories would have a sig-
niﬁcant inﬂuence on the model because it was always
likely that certain sites would stand out in terms of their
taphonomic histories.
The fusion categories of neonatal or juvenile and un-
fused subadult also had a substantial effect in reducing
weathering in both series. There can be little doubt
that this results from survival bias and the taphonomic
paradox rather than susceptibility. Research has clearly
demonstrated that undeveloped bones are less dense
and therefore susceptible to destruction. Consequently,
if bones are exposed on the surface long enough for
weathering to occur, the fragile bones of neonatal, ju-
venile and subadult individuals are likely to degrade
to a degree that they are not recovered or at least fu-
sion evidence does not survive. This is an unavoidable
feature of this mode of analysis because an age cat-
egory can only be assigned when fusion evidence is ob-
servable, yet for evidence to be present, it is highly
likely that remains were subject to rapid burial and
therefore inherently less likely to show modiﬁcation.
Consequently, this approach has limited potential for
assessing the relationship between weathering and skel-
etal development in faunal assemblages because the use
of fusion as an index for development is fraught with
difﬁculties. Therefore, interpretation is conﬁned to
the relatively obvious ﬁnding that the bones of imma-
ture individuals that retain fusion evidence are highly
unlikely to exhibit weathering in the archaeological
record.
Taxon categories were also prominent in both mod-
els. Horse had the strongest effect, accounting for
seven positive signiﬁcant results in the two series. Cat-
tle had a lesser but still notable effect, and in the com-
plex category series wild boar also made a substantial
contribution in models. These categories all produced
positive results, and consequently ﬁndings indicate that
large mammal specimens are more likely to be affected
by weathering. Large mammals generally have denser
elements and have been frequently cited as more
resistant to destruction and degrading processes
(Behrensmeyer, 1978: 160; Behrensmeyer et al., 1979:
12; Gifford, 1981; Lyman, 1994; Ioannidou, 2003).
However, results suggest that they may not be more re-
sistant to weathering. This pattern is likely to partially
relate to survival bias because these taxa are likely to
survive during subaerial exposure to a degree where
they remain identiﬁable. However, previous research
assessing interelement variation in weathering has
demonstrated that larger elements such as long bones
and mandibulae, which are frequently denser, are genu-
inely more susceptible to weathering. This may there-
fore also be the case for large mammal specimens,
and ﬁndings are interpreted as resulting from interplay
of inherent susceptibility to modiﬁcation and resistance
to destruction. Establishing the degree to which each
of these factors explains ﬁndings is beyond the remit
of this study.
Only a single deposit category, shallow feature ﬁll,
produced as many as two signiﬁcant results in either
series. This relatively minor effect has limited interpret-
ative potential but may be accounted for either the
exposed bones being more frequently incorporated in
shallow features or the occurrence of shallow subterra-
nean weathering. The former seems a more likely inter-
pretation, as previous research suggests subterranean
weathering rarely occurs.
Results provide clear indications of factors affecting
modiﬁcation. However, certain unavoidable analytical
biases must be recognised. Some variables were
recorded for all specimens (e.g. site, element, taxon),
whereas others could only be recorded for relatively
well-preserved remains (e.g. fusion). Therefore, those
which were recorded for all fragments had inherently
greater statistical power and were more likely to pro-
duce signiﬁcant results. However, this does little to di-
minish the validity of ﬁndings because sample size bias
would have the greatest adverse effect on determining
the effect of skeletal development. As discussed earlier,
this exploratory approach has limited potential for in-
vestigating this variable in any case.
Characterising variation in weathering by identify-
ing elements and taxa that are most frequently affected
in British assemblages is vital to provide a baseline from
which a more valid interpretation of weathering signa-
tures can be made. This is the case, as an assessment of
assemblage composition is crucial to understanding
weathering patterns. Regression modelling demon-
strated that mandibulae, long bones and premaxillae
were more likely to exhibit weathering, and small ele-
ments (carpals, tarsals and phalanges) were infrequently
affected. Further controlled experiments are required,
but evidence from previous studies indicates that this
is likely to result from genuine susceptibility or resist-
ance to the modiﬁcation rather than survival bias.
Therefore, an assemblage dominated by susceptible
specimens would be expected to exhibit greater evi-
dence of weathering than one comprising a substantial
proportion of resistant specimens. Consequently, vari-
ation in modiﬁcation need not necessarily mean that
the two assemblages underwent very different tapho-
nomic trajectories because compositional differences
can account for weathering patterns. If signatures
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contrast with expected patterns, then interpretations
can be made about human action in depositional prac-
tice. For example, a deposit dominated by long bones
that exhibits very little weathering must have been
formed and protected in a subterranean environment
very rapidly, whereas an assemblage in which small ele-
ments are heavily modiﬁed must have undergone sub-
stantial subaerial exposure.
Results showing that large mammals more frequently
exhibit weathering evidence are likely to relate to inter-
play between survival bias and susceptibility. As sur-
vival bias is an important factor, the study of
weathering evidence has a crucial role to play in ascer-
taining the degree to which subaerial exposure has
affected taxon representation. For example, if large
mammal elements dominate an assemblage and weath-
ering evidence is scarce, taxon representation is un-
likely to have been radically altered through subaerial
exposure. By contrast if large mammals dominate an as-
semblage and weathering evidence is prevalent, it can
be inferred that the representation of medium-sized
mammals has been reduced through subaerial tapho-
nomic processes. The effect of other taphonomic pro-
cesses such as subterranean decay must of course also
be considered.
An assessment of weathering evidence informed
by ﬁndings in this study can also be used to investi-
gate structured practices pertaining to the different
classes of remains. The prescribed modes of prede-
positional treatment may have been common in past
societies. The concept of ‘ritual rubbish’ is well
attested to for British prehistory, and daily life is
certain to have been heavily structured by rituals
and codes of practice throughout the human past
(see Hill, 1995; Madgwick, 2008, 2010; Randall,
2010). Weathering evidence combined with a consid-
eration of assemblage composition provides a vital
tool for ascertaining structuring principles in deposi-
tional practice concerning faunal remains. This re-
search has characterised the expected patterns of the
weathering of elements and taxa in a UK context.
Therefore, if signatures in an assemblage do not con-
form to those identiﬁed in this research, prescribed
practices pertaining to taxa or body parts may be in-
ferred. For example, if weathering is prevalent in cap-
rine remains within an assemblage yet scarce in cattle
specimens, signatures contrast to the expected pat-
terns deﬁned in this study. Therefore, it can be in-
ferred that the treatment of skeletal material was
regulated according to taxon, with cattle remains sub-
ject to more rapid burial. However, for this interpret-
ation to be made, the anatomical composition of the
taxon-speciﬁc assemblages must be assessed because
reduced weathering in cattle remains may result from
a dominance of small elements, which are resistant
to modiﬁcation. This typiﬁes the way in which ﬁnd-
ings from this study facilitate more rigorous
approaches to the use of weathering data.
Conclusion
Weathering is unquestionably a highly complex
process, and its rate, prevalence and severity is affected
by wide-ranging variables. This study represents a new
approach using multivariate statistical techniques to
gain a greater understanding of variation in weathering
in archaeological deposits and complements previous
actualistic experimental studies. Results provide new
insights into the nature of weathering and the factors
dictating its prevalence, but considerable further re-
search is required. It must be emphasised that ﬁndings
pertain only to British material and further studies on a
broader range of sites with a wider variety of fauna have
the potential to substantially enhance the understanding
of the weathering process. Although the data set tested
in this research is relatively large, it comprises data from
only 10 assemblages, and it would be greatly beneﬁcial
for the research to be repeated in the future on further
British data sets to test the reliability of ﬁndings.
With an increased understanding of variation in
modiﬁcation, the interpretative potential of weathering
data is enhanced and its applications widened. On the
basis of the ﬁndings from this research, more rigorous
approaches can be developed to determine differences
in taphonomic trajectories between deposits or assem-
blages and to establish the degree to which subaerial
exposure has skewed species representation. In
addition, weathering data can be applied to identify
culturally constituted modes of depositional practice.
Combined with results from experimental studies, ﬁnd-
ings from this research facilitate a more valid interpret-
ation of weathering patterns and provide a further tool
for untangling issues of equiﬁnality in zooarchaeologi-
cal assemblages.
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